The industrial wastewater from a carbon monoxide production unit was treated by physico-chemical processes in order to achieve a quality level appropriate for reuse. In preliminary tests, coagulation/ flocculation (CF), sand filtration and activated carbon adsorption were investigated in order to select the materials and the process conditions. Based on the results a combined treatment was proposed:
INTRODUCTION
Water utilization is a very important matter for discussion in international environmental forums. Water stress is an important issue for many European countries (Bixio et al. ) . Water demand is growing, particularly in developing countries, for agricultural, domestic and industrial uses (Andrade et al. ; Dias et al. ) . A recent report indicated that China, India, Brazil and South Africa will account for 42% of the worldwide water demand projected for 2030 (McKinsey & Company ) . Although industrial demand is relatively moderate compared to those of other economic sectors, as shown in Table 1 for a specific country (Brazil), the industrial commitment to associated environmental issues and sustainability is increasing. Water economy and water reuse are subjects already on the agenda of many industries.
Water scarcity is observed not only in dry regions but also in cities, where water supply systems are overloaded and water utilization by industries is restricted. However, due to the diversity of water sources used in industry, it is possible to select process streams that can be treated and reach a quality level that allows water reuse. The combination of water demand management and cleaner production can lead to significant reductions in water demand, as verified by Gumbo et al. () for different industries. Particularly in large chemical industries, many opportunities for reuse can be found due to the degree of integration among production units in terms of raw materials, products and utilities.
To implement a water reuse project at a particular industrial plant, good knowledge of the industrial process, stream characteristics, water demand, water costs and other rel-Chemical plants producing carbon monoxide may use coke from the electrochemical industry, which contains aluminum and polycyclic aromatic hydrocarbons (PAHs).
These contaminants need to be removed from the wastewater before its later reuse. Meeting this challenge is the key issue in this study.
PAHs are a group of over 100 different chemicals. They are found in coals, including coke, and are generated during the incomplete burning of some fuels, garbage and other materials. PAHs are usually found as mixtures of two or more of these compounds (ATSDR ).
In this study, some techniques were investigated to treat the water stream generated during the production of carbon monoxide, which is a raw material used for the production of methylene diphenyl diisocyanate (MDI), a substance that, in turn, is required to produce polyurethane.
Carbon monoxide production may generate wastewater containing soluble organics, particulate matter, aluminum and, as mentioned above, PAHs. Considering the large amount of water required by the process and the possibility of water reuse, the study was performed to investigate the potential of physico-chemical treatment processes (coagulation/flocculation (CF), filtration and carbon adsorption) for the production of recycled water for industrial use.
Industrial carbon monoxide (CO) production
Carbon monoxide is produced in a multi-step process, as shown in Figure 1 . The chemical reactions governing CO production are indicated below:
Firstly, CO 2 and O 2 are fed into static-mixers and sent to CO generators, where a carbon source (coke) reacts with the gas mixture according to the reactions shown above. Coke, previously screened, is gradually added to the generators.
The gas purification process, which includes washing sequences, separation, exhaustion and filtration steps, has a water consumption of around 4.3 m 3 /h.
Gas that leaves the generators is submitted to three successive washings with water for ash removal and is then subjected to additional washing in equipment that promotes mixing and exhausting. The last purification operation is filtration, which is conducted in two different filters. The first is an electrostatic filter, which requires periodic cleaning with a water steam and the second is a column containing expanded clay that is backwashed with water and steam.
After being compressed, the gas proceeds to the desulfurization step, where hydrogen sulfide is removed through treatment with sodium hydroxide solution. CO production is accomplished after a two-step drying process. Wastewater is mainly generated in the purification and desulfurization steps.
METHODS

Wastewater sampling
Grab samples were collected from the wastewater storage tank in polyethylene containers, transferred to the Some of the above parameters were also determined for five samples of industrial process water and the quality of this water was taken as a reference to evaluate the performance of the investigated wastewater treatments.
Wastewater treatment
Preliminary evaluation of treatment processes
Coagulation and flocculation using tannin-based coagulants were investigated combined with sand filtration and activated carbon adsorption in order to remove small particles and organic micropollutants present in the industrial wastewater. Figure 2(a) illustrates the combination of treatments tested to determine the potential of each technique to improve the water quality. CF assays were performed in a jar-test apparatus, using 2-L beakers containing 1 L of wastewater. Two different coagulants were used and combined with three coagulation-aiding agents (polyelectrolytes). The The experiments with three different types of activated carbon were conducted to select the best one. Adsorption experiments were conducted with the effluent from the CF step. Table 2 summarizes the assay conditions 
Operation of the bench-scale treatment unit
Based on the results obtained in preliminary tests with different treatment techniques, replicate assays were carried out in the bench unit. Figure 2 The CF experiments were performed under the best conditions selected in the preliminary tests as described in greater detail below. The supernatant of the CF process was directly pumped to the filter at the selected flow rate (136 mL/min, U L ¼ 6.49 m/h).
Analytical methods
The EPHs were determined by gas chromatography (Agilent 
RESULTS AND DISCUSSION
Wastewater characterization
The characteristics of the industrial wastewater are shown in Table 3 . Ash particles are removed by water in large amounts during CO generation and purification and contribute to the high levels of suspended solids observed in the wastewater. The aluminum content of the ash particles was between 6 and 8% and the aluminum content in the wastewater was determined as 12 mg/L (average).
As previously mentioned, the high percentage of aluminum in the wastewater is due to the contaminated coke, originating from the electrochemical industry. The average size of the particles found in wastewater was 5.8 μm and the average zeta potential of the suspension was À1.4 mV. These results reinforce the choice of CF as one of the treatment techniques for this particular wastewater.
The organic matter content of the wastewater was relatively low. The DOC was 19 mg/L in all samples and showed an average value of 13 mg/L. As coke is used as a raw material for CO production, there is a concern regarding the presence of PAHs in the wastewater. Several
PAHs were detected in the raw wastewater at μg/L concentrations, including naphthalene, phenanthrene, benzo[b]fluoranthene, benz[a]anthracene and chrysene (see Table 6 for their levels and removal percentages). EPHs from n-C20 to n-C36 were not detected in the wastewater (detection limit: 0.10 μg/L). Light hydrocarbons (2-5 carbon atoms) were also not detected (detection limit: 0.05 μg/L).
However, methane (dissolved in the wastewater) was detected at a concentration of 4 μg/L.
The removal of aluminum and PAHs is important
because if these pollutants reach the industrial wastewater treatment plant (IWTP) they can cause operating problems that affect treatment performance. Ash removal is also important because this material plugs pipelines and hinders the performance of the biological treatment unit of the IWTP.
Preliminary test results
Coagulation/flocculation
The pH, coagulant (type and concentration) and polyelectrolyte (type and concentration) were investigated in the CF assays. The determination of the best conditions was based on the following parameters and observations: The general trends observed in the results for the 59 coagulation and flocculation assays are summarized below:
(i) For both coagulants (Tanfloc SG and Tanfloc SL) the residual turbidity decreased sharply from pH 3 to pH 5. In the pH range 5-9 the residual turbidity was low and did not change appreciably, presenting a minimum value at around 8.
(ii) When the coagulant dose was increased from 5 to 10 mg/L the residual turbidity dropped significantly.
A smooth decrease in turbidity was observed until a coagulant dose of 30 mg/L. For higher doses, in general, the turbidity increased.
(iii) Cationic and non-ionic polyelectrolytes were effective, as shown in Table 4 . The effluent quality Tanfloc SL (30 mg/L) Non-ionic (1.5 mg/L) (turbidity and suspended solids levels) was improved when the polyelectrolyte dose was increased up to 1 mg/L. In the range of 1-2 mg/L the best results were attained and when the dose was increased to 3 or 5 mg/L the effluent quality was not improved.
The utilization of Tanfloc SL (30 mg/L) and non-ionic polyelectrolyte (1.5 mg/L) at pH 8 led to the following average pollutant removals: TSS (97.5%), VSS (92%), COD (34%) and turbidity (93.5%). A high portion of the soluble aluminum was also removed (78%) and, thus, these conditions were adopted for further tests in the bench-scale treatment unit.
Sand filtration and activated carbon adsorption
Filtration of the CF supernatant at 24, 136 and 400 mL/min led to similar turbidity removal results: 64, 60 and 56%, respectively. The selected flow rate was 136 mL/min because this operating condition represents a good compromise between effluent quality and filtration time. Assays carried out to select the most effective type of activated carbon revealed that low COD removal (<10%) was attained when mineral granular carbon was employed. The powdered mineral carbon reached a maximum COD removal of 52% (120 min, 10 g/L) and the GAC led to 74% of COD removal (120 min, 10 g/L). Thus, this activated carbon was selected for further experiments in the bench-scale unit.
Bench-scale treatment unit
Several runs were carried out in the treatment unit and the average characteristics of the effluent treated by CF and by the combined process (CF þ sand/carbon filtration) are shown in Table 5 . In comparison with the raw wastewater ( However, river waters can present conductivity of this order (hundreds of μS/cm) and waters presenting higher conductivity have been used in industrial plants. One example is the use of reclaimed water by petroleum refineries in the Los Angeles area as make-up water for cooling towers. According to EPA (), the conductivity of this reclaimed water ranges from 2,000 to 2,700 μS/cm.
It should be noted that the removal attained in the CF process during the experiments made to select the best operating conditions was higher than that obtained in the benchscale treatment unit. TSS and VSS removal decreased from 97.5 and 92% to 93 and 66%, respectively, whereas the turbidity removal dropped from 93.5 to 71%. In the benchscale unit, the tank and impeller do not have the same characteristics as those of the jar-test apparatus. Also, during transfer of the supernatant to the sequential step (filtration), some disturbance occurred in the settled solids layer that hindered the removal of solids and turbidity.
The removal of micropollutants may require the use of several sequential techniques, including CF, ozonation and activated carbon filtration (Reungoat et al. ) . In the present case, the main micropollutants targeted were PAHs.
They were partially removed in the CF step and further removed to non-detectable levels in the sand/GAC filtration process ( Table 6 ). The seven PAHs classified by the United States Environmental Protection Agency as probably human carcinogens (ATSDR ; Luch ) were removed in significant amounts by CF. In the present case, if conductivity levels of 300 and 450 μS/cm are considered as acceptable, the treated wastewater could supply 28 and 60% of the CO production unit water demand, respectively. Unfortunately, historical data on the CO production unit operation using waters with conductivity levels above 190 μS/cm are not available to establish the deleterious effects of conductivity on the pipelines at the plant. Furthermore, no conductivity guidelines are available for water reuse in CO generation units.
Although a potentially expensive method to reduce the final effluent conductivity, one alternative is to include an ion exchange process unit in the adopted treatment sequence. Another option is to use anti-scaling and anticorrosion agents and make partial reuse of the treated effluent. This latter alternative is attractive because the amount of water reuse and chemical agents can be determined by on-line measurements of water conductivity.
Thus, an automatic system can be installed and the maximum acceptable conductivity determined through observations of the scaling and corrosion intensity in the industrial pipelines. Figure 3 illustrates the proposed scheme for partial water reuse and automatic conductivity control. Installation of this system at an industrial plant will lead to a significant economy of process water and its quantification will be the subject of future research.
CONCLUSIONS
Preliminary experiments showed that the application of CF with a tannin-based coagulant and a non-ionic polyelectrolyte was effective in the removal of wastewater pollutants. However, additional wastewater treatment by filtration through sand and GAC beds was necessary to remove the suspended solids, organic matter and turbidity.
The combined process, tested in a bench-scale unit, was able to produce water for reuse in an industrial carbon monoxide production unit. Operation of the bench-scale treatment unit allowed the following removal efficiencies to be achieved: turbidity 95%; TSS 97%; VSS 81%; COD 74%; DOC 65%. PAHs were removed and non-detectable levels were achieved by the proposed treatment.
The conductivity of the treated wastewater was 3.7 times higher than that of the industrial process water. In view of these results a reuse scheme was proposed based on the partial utilization of the treated wastewater and addition of chemical agents (anti-scaling and anti-corrosion) supervised by on-line monitoring and control of water conductivity.
